Extracellular ATP binds to and signals through P2X7 receptors (P2X7Rs) to modulate immune function in both inflammasome-dependent and -independent manners. In this study, P2X7
SEPSIS IS A SERIOUS MEDICAL condition caused by the microbial invasion of normally sterile body parts. It has been estimated that between 28 and 50% of the ;700,000 people who develop sepsis annually die-far more than the number of U.S. deaths from prostate cancer, breast cancer, and AIDS combined (1) (2) (3) . Patients with sepsis are generally hospitalized for extended periods, rarely leaving the intensive care unit for 2-3 wk (2). Accordingly, sepsis represents a major burden to the U.S. health care system, with costs estimated to be approximately $16.7 billion per year (4) .
Current concepts suggest that organ failure and mortality in sepsis are caused by inappropriate regulation of the immune system (5, 6 ). This dysregulation manifests as an inability to control bacterial growth and dissemination and by excessive inflammation, processes that are interrelated and are caused, in large part, by macrophage dysfunction. There are 2 main signaling pathways that initiate macrophage activation in sepsis: one is triggered by pathogen-associated molecular patterns (PAMPs), the other one by host danger-associated molecular patterns (DAMPs) (7) . Although PAMPs have been the usual focus of sepsis research, recent evidence points to a novel role for DAMPs (7) . DAMPs comprise a diverse group of molecules that accumulate in the extracellular space in response to bacteriamediated tissue destruction, trauma, and burns, all of Abbreviations: ALT, alanine aminotransferase; BUN, blood urea nitrogen; Bz-ATP, 29(39)-O-(4-benzoylbenzoyl)adenosine 59-triphosphate triethylammonium salt; CFU, colony-forming unit; CLP, cecal ligation and puncture; CMK, chloromethyl ketone; Cx, connexin hemichannel; DAMPs, danger-associated molecular patterns; FBS, fetal bovine serum; KO, knockout;
(continued on next page) which are associated with sepsis. Examples of DAMPs include heat shock proteins, high-mobility group box 1, hyaluronan fragments, uric acid, and ATP. ATP is released from the intracellular into the extracellular space during inflammation, infection, and shock, all of which are associated with sepsis (8, 9) . Multiple mechanisms have been proposed to mediate ATP release during immune activation, with connexin (Cx) hemichannels and pannexin (Panx) channels receiving major focus (10, 11) . Detection of released ATP by P2 purinergic receptors on inflammatory cells alerts the immune system to danger and initiates and orchestrates host immunity and inflammation. P2 receptors fall into 2 classes: the ionotropic P2X receptors (P2X1-7R) and the G protein-coupled P2YRs (P2Y1, -2, -4, -6, -11, -12, -13, and -14) (9) .
P2X7Rs are the principal immunoregulatory P2Rs and are expressed at the highest levels on cells of the immune system (12) . Macrophages have 4 to 5 times greater expression of P2X7Rs than do B, T, and NK cells (12) . The expression of P2X7Rs on neutrophils is controversial. Some studies have shown that it is present intracellularly but not on the cell surface (12, 13) , whereas one study showed that it has antiapoptotic effects in neutrophils (14) . Activation of macrophages is associated with increased expression of P2X7Rs (15) .
One of the best characterized aspects of the P2X7R's function is its ability to activate the nucleotide-binding domain leucine-rich repeat-containing receptor family member P3 (NLRP3) inflammasome assembly in macrophages, thereby initiating caspase-1-mediated IL-1b and -18 processing and release (16, 17) . In addition, multiple lines of evidence document an emerging role for P2X7Rs in augmenting the recognition, phagocytosis, and killing of pathogens by macrophages (18) (19) (20) . Recent studies have proposed that ATP controls pathogens through inflammasome-dependent pyroptosis (21) . According to this concept, ATP causes the activation of caspase-1, which then leads to pyroptotic macrophage death, characterized by a rapid loss of cell membrane integrity and release of cytosolic contents, including bacteria. The released bacteria can then be ingested and killed by recruited neutrophils in a manner that is independent of both IL-1b and -18 (22) .
Despite the mounting evidence supporting an important role of ATP and P2X7Rs in regulating inflammation and bacterial phagocytosis and elimination by macrophages in vitro, the role of ATP and P2X7Rs in regulating the host's response to sepsis is unclear. In this study, we tested the hypothesis that endogenously released ATP controls the host's inflammatory response to sepsis through P2X7 signaling on macrophages.
MATERIALS AND METHODS
Experimental animals, drugs, and cell culture Breeders of P2X7-knockout (KO), caspase-1 KO, and LysM-Cre mice and C57BL/6J mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA) and maintained at the animal facility at Rutgers New Jersey Medical School. The P2X7 fl/fl mice were from the European Mouse Mutant Archive (EMMA ID 05116; Monterotondo, Italy) (23) . P2X7
fl/fl -LysM-Cre mice were generated by crossing the 2 strains. All mice were bred and all colonies were maintained in accordance with the recommendations of the U.S. National Institutes of Health's Guide for the Care and Use of Laboratory Animals, and the experiments were approved by the New Jersey Medical School Animal Care Committee. Oxidized ATP (oxi-ATP), ATP-magnesium salt (Mg-ATP), 29(39)-O-(4-benzoylbenzoyl)adenosine 59-triphosphate triethylammonium salt (Bz-ATP), YVAD-chloromethyl ketone (CMK), uricase, uric acid, and probenecid were from Sigma-Aldrich (St. Louis, MO, USA), and Gap27 was from Tocris Bioscience (Bristol, United Kingdom). Thioglycollate-elicited peritoneal macrophages from C57BL6/J mice were cultured in DMEM supplemented with 10% fetal bovine serum (FBS), 50 U/ml penicillin, 50 mg/ml streptomycin, and 1.5 mg/ml sodium bicarbonate in a humidified atmosphere of 95% air and 5% CO 2 .
Preparation of uric acid crystals
Uric acid (1.25 g; Sigma-Aldrich) was dissolved in 50 ml 1 M NaOH at 55°C and was continuously stirred with a magnetic stirrer. The hot, milky, white solution was filtered through a 0.2 mm filter, and the filtered solution was left at room temperature with slow stirring. After centrifugation at 500 g, the supernatant was discarded, and the crystal pellet was rinsed with ice-cold sterile water. The pellet was air-dried and dissolved in PBS at a 1 mg/ml concentration. After vigorous vortexing, the crystals were sonicated with an ultrasonic sonicator for 30 s (5 times). The uric acid crystals were examined under a phase/polarizing microscope to evaluate their uniformity.
Cecal ligation and puncture
Polymicrobial sepsis was induced by subjecting mice to cecal ligation and puncture (CLP) (24, 25) . P2X7-KO, caspase-1-KO, wild-type (WT), P2X7 fl/fl -LysM-Cre, and P2X7 fl/fl male mice between the ages of 8 and 12 wk were anesthetized with pentobarbital (50 mg/kg i.p.). Under aseptic conditions, a 2-cm midline laparotomy was performed to allow exposure of the cecum with adjoining intestine. Approximately two-thirds of the cecum was tightly ligated with a 3-0 silk suture, and the ligated part of the cecum was perforated twice (through and through) with a 20 1/2-gauge needle (BD Biosciences, San Jose, CA, USA). The ligated cecum was gently squeezed to extrude a small amount of feces through the perforation site and was returned to the peritoneal cavity, and the laparotomy was closed in 2 layers with 4-0 silk sutures. Sham-operated animals underwent the same procedure without ligation or puncture of the cecum. After the operation, all mice were resuscitated with an injection of physiologic saline (1 ml s.c.) and returned to their cages, where they were provided free access to food and water. In experiments where biochemical, immunologic, and bacteriological analysis were performed, the mice were reanesthetized with pentobarbital (50 mg/kg i.p.) 6 or 16 h after the CLP procedure, and blood, peritoneal lavage fluid, and various organs were harvested. A separate set of WT and P2X7-KO mice were used in survival studies. The effect of oxi-ATP, Mg-ATP, Bz-ATP, uricase, uric acid, Gap27, and probenecid (continued from previous page) fMLP, N-formyl-Met-Leu-Phe; HRP, horseradish peroxidase; MCP, monocyte chemotactic protein; Mg-ATP, ATP-magnesium salt; MIP, macrophage inflammatory protein; MPO, myeloperoxidase; NLRP3, nucleotide-binding domain leucine-rich repeatcontaining receptor family member P3; oxi-ATP, oxidized ATP; P2X7R, P2X7 receptor; PAMPs, pathogen-associated molecular patterns; Panx, pannexin channel; PARP, poly(ADP-ribose) polymerase; PE, phycoerythrin; WT, wild-type was evaluated in male C57BL/6J mice in a fashion similar to that described for the KO or WT mice. In these experiments, the mice were injected intraperitoneally with the various agents or their vehicle (physiologic saline for uricase and uric acid and DMSO for the other drugs) 30 min before the CLP operation (26) .
ATP measurement
At 16 h after CLP or the sham operation, blood samples were collected into heparinized tubes. Serum was separated by centrifugation, and serum ATP was measured with the ATPlite Luminescence ATP Detection Assay System (PerkinElmer, Waltham, MA, USA).
Generation of P2X7-KO bone marrow chimeric mice
Bone marrow chimeras were generated as described elsewhere (27) . In brief, male donor mice (8-to 10-wk-old WT or P2X7-KO) were euthanized, and bone marrow from the femur was harvested by flushing the marrow cavity with sterile isotonic NaCl solution. The bone marrow cells were centrifuged at 400 g for 5 min, resuspended, and counted. Recipient mice (8-to 10-wk-old WT mice) were irradiated with a total dose (in 2 doses) of 12 Gy delivered from a [ 137 Cs] source. Bone marrow cells (10 7 /recipient) were injected retro-orbitally in 0.2 ml physiologic saline. The resulting chimeric mice were housed for at least 8 wk before experimentation and were fed with water containing tetracycline (100 mg/ml) in the first 2 wk after bone marrow transplantation. The chimeric mice were subjected to CLP and euthanized 16 h later, as described above.
Adoptive transfer of peritoneal macrophages
Thioglycollate-elicited peritoneal cells (28) from donor WT and P2X7-KO mice were harvested in PBS. Purified CD11b + cells were obtained by positive selection with magnetic beads coated with anti-CD11b Ab (Miltenyi Biotech, Auburn, CA, USA), according to the manufacturer's protocol. Purified CD11b + cells were resuspended in PBS, and 4.5 3 10 6 cells were injected intraperitoneally to separate groups of recipient WT mice 2 h before subjecting them to CLP.
Collection of blood, peritoneal lavage fluid, and organs
After opening the chest of each mouse, blood samples were obtained aseptically by cardiac puncture with heparinized syringes. The blood samples were placed into heparinized microcentrifuge tubes and kept on ice until further processing for bacteriological analysis. Serial dilutions for bacteriological analysis were made as described in several publications (24, 25, 27, 29) . The blood samples were centrifuged at 2000 g for 10 min, and the recovered plasma was stored at -70°C until further use. For collection of peritoneal lavage fluid, the abdominal skin was cleansed with 70% ethanol, and the abdominal wall was exposed by opening the skin. Two milliliters of sterile physiologic saline was slowly injected into the peritoneal cavity via an 18 gauge needle. The abdomen was gently massaged for 1 min while the tip of the needle was kept in the peritoneum. In the next step, the peritoneal fluid was recovered through the needle and placed on ice until processing for bacteriological examination. After making serial dilutions of the lavage fluid and blood to determine the number of colony-forming units (CFUs), the fluids were centrifuged at 5000 g for 10 min, and the supernatant was stored at -70°C until further analysis. Heart, lung, kidney, and spleen samples were excised and snap frozen in liquid nitrogen.
Quantification of bacterial CFUs in blood and peritoneal lavage fluid
Blood and peritoneal lavage fluid were diluted serially in sterile physiologic saline. Fifty microliters of each dilution was aseptically plated and cultured on trypticase blood agar plates (BD Biosciences) at 37°C. After 12-16 h of incubation, the number of bacterial colonies was counted. The number of cultures is expressed as CFUs per milliliter of blood or peritoneal lavage fluid.
Ex vivo phagocytosis assay and flow cytometry of peritoneal cells
At 16 h after CLP, peritoneal exudates were harvested in 2 ml PBS and spun down at 150 g for 5 min, to remove most of the bacterial content. The peritoneal cells were resuspended in 1 ml PBS and passed through a 70 mm nylon mesh to remove tissue debris. After brief centrifugation at 250 g, the cells were resuspended in 1 ml PBS containing 10 7 FITC-labeled Escherichia coli (Life Technologies, Carlsbad, CA, USA). The cells were incubated with bacteria at 37°C for 30 min, after which phagocytosis was stopped by placing the samples on ice. Nonphagocytosed E. coli was removed by centrifugation at 150 g for 5 min, and the peritoneal cells were resuspended in 0.5 ml PBS containing 1% FBS for flow cytometry. After Fc blocking with an anti-CD16/CD32 antibody (eBioscience, San Diego, CA, USA), the peritoneal cells were labeled with phycoerythrin (PE)-conjugated anti-F4/80 and allophycocyaninconjugated Ly6G antibody (eBioscience). The percentage of macrophages, neutrophils, and cell-specific phagocytosis in the lavage fluid was quantified by flow cytometry. At least 10,000 events were recorded for each analysis.
Assessment of MPO activity and histology of the lung
Lung samples obtained 6 h after CLP were homogenized in extraction buffer [20 mM acetate buffer (pH 4.7) containing 0.2 M NaCl, 0.5% cetyltrimethylammonium bromide, 10 mg/ml PMSF, and 1 mM EDTA] at a concentration of 100 mg/ml. A myeloperoxidase (MPO) activity assay kit (Northwest Life Science Specialties, Vancouver, WA, USA) was used for MPO determination, according to the instructions provided with the kit.
Determination of ALT and BUN
Alanine aminotransferase (ALT) and blood urea nitrogen (BUN) were analyzed with a clinical chemistry analyzer system (VetTest8008; IDEXX Laboratories, Totowa, NJ, USA) (25) .
Protein extraction for cytokine ELISA and Western blot analysis
Organs were homogenized in a Dounce homogenizer (Kontes Glass Co., Vineland, NJ, USA) in modified radioimmunoprecipitation assay buffer [50 mM Tris HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 0.25% sodium deoxycholate, 1% Nonidet P-40, 1 mg/ml pepstatin, 1 mg/ml leupeptin, 1 mM PMSF, and 1 mM Na 3 VO 4 ]. The lysates were centrifuged at 15,000 g for 15 min, and the supernatant was recovered. The Bio-Rad (Hercules, CA, USA) protein assay kit was used to determine the protein concentrations. Protein samples (20 mg) from spleen were separated on 8-12% Tris-glycine gels (Life Technologies) and transferred to nitrocellulose membranes. The membranes were probed with rabbit polyclonal anti-cleaved poly (ADP-ribose) polymerase (PARP) Ab from Cell Signaling Technology (Danvers, MA, USA). After several wash cycles, the nitrocellulose membranes were incubated with a secondary horseradish peroxidase (HRP)-conjugated anti-rabbit Ab (Santa Cruz Biotechnology, Santa Cruz, CA, USA). To assess equal protein loading, we used HRP-conjugated polyclonal goat anti-b-actin Ab from Santa Cruz Biotechnology. Bands were detected with ECL Western Blot Detection Reagent (GE Healthcare, Piscataway, NJ, USA).
In vivo and in vitro chemotaxis assays
In vitro migration of thioglycollate-elicited peritoneal macrophages obtained from WT and P2X7-KO mice toward 100 ng/ml monocyte chemotactic protein (MCP)-1 (R&D Systems, Minneapolis, MN, USA) was measured with a QCM Chemotaxis 96 well Cell Migration Assay (Millipore, Billerica, MA, USA), on migration filters with a pore size of 5 mm, according to the manufacturer's protocol. In brief, 100 ng/ml MCP-1 or its vehicle was added in the feeder tray, and 10 5 peritoneal macrophages were seeded into the cell migration chamber. Thereafter, the migration chamber was placed into the feeding tray and the plates were incubated at 37°C for 4 h. After incubation, the transmigrated cells were lysed, and genomic DNA-specific fluorescent dye was added to the lysate. The fluorescence intensity of the cell extracts was measured at 480 nm/520 nm.
For the in vivo chemotaxis assay, WT and P2X7-KO mice were injected with 3% thioglycollate (1 ml i.p.), to elicit sterile peritonitis, with the macrophage count peaking on d 4 (30) . After d 4, the mice were injected with 400 ng LPS per mouse as an inflammatory stimulus to induce efflux of leukocytes from the peritoneum to the draining lymph nodes. After 3 h, the peritoneal cells were collected by lavage and counted. The frequency of macrophages in the lavage fluid was quantified by flow cytometry with PE-conjugated antibody to F4/80 (eBioscience). At least 10,000 events were recorded for each analysis.
Ex vivo bacteria-killing assay
Peritoneal cells were recovered in 2 ml of saline after CLP. Extracellular bacteria were removed by centrifugation at 100 g for 10 min. Peritoneal cell counts were determined, and the density of the cells was adjusted to 10 6 /ml with saline. The cells were incubated on ice for 2 h in the presence of 100 mg/ml gentamicin to kill the remaining extracellular and cell-surface-attached bacteria. Thereafter, gentamicin was removed by washing the cells 3 times with 1 ml saline, and the cells were lysed in 100 ml of 100 mM Tris-HCl/1% Triton-X100. The cell lysates were diluted serially in sterile physiologic saline, and 50 ml of each dilution was aseptically plated and cultured on trypticase blood agar plates (BD Biosciences) at 37°C. After 12-16 h of incubation, the number of bacterial colonies was counted. The number of cultures is expressed as CFUs per 10 6 peritoneal cells.
Determination of cytokine and chemokine levels
Concentrations of TNF-a; IL-1b, -10, -6, and -12p40; macrophage inflammatory proteins (MIP)-1a and -2; and MCP-1, in blood, peritoneal lavage fluid, organ extracts (heart, kidney, and lung), and supernatants from peritoneal macrophages were determined with commercially available ELISA kits (Tocris Bioscience) according to the manufacturer's instructions.
Statistical Analysis
Survival statistics were determined by the Kaplan-Meier curve and log-rank test. To compare cytokine concentrations, the number of CFUs, and all other laboratory parameters, as well as densitometry read outs, we used Student's t test or ANOVA followed by the Mann-Whitney test. Statistical significance was assigned to P , 0.05.
RESULTS

P2X7R signaling improves survival and decreases bacterial burden and the levels of inflammatory cytokines and chemokines in CLP-induced sepsis
To begin to examine the role of ATP in sepsis, we measured its extracellular accumulation after CLP, a clinically relevant model of polymicrobial sepsis (31) . We found that plasma levels of ATP increased in response to CLP (Fig. 1A) , which indicates that ATP accumulated in the extracellular space during sepsis. To study the role of this endogenously released ATP in sepsis, we subjected WT and P2rx7 2/2 (P2X7-KO) mice to CLP and monitored their survival. We observed that the survival rate of the WT mice was higher than that of the P2X7-KO animals, indicating that ATP interaction with P2X7Rs is protective (Fig. 1B) . We then investigated the host's immune response at 16 h after the CLP procedure, at which time bacterial dissemination and inflammation are at their maximum (29) . We found that the increased survival of WT vs. P2X7-KO mice was associated with a decreased bacterial burden in the peritoneal cavity of WT vs. P2X7-KO animals (Fig. 1C) and a trend toward decreased bacterial load in the blood of WT vs. P2X7-KO mice, indicating that P2X7Rs control bacterial burden. We then assessed the inflammatory status of the mice by measuring levels of inflammatory mediators. We found that P2X7-KO mice had higher levels of inflammatory cytokines and chemokines in blood and peritoneum at 16 h (Fig. 1D-K) . Similar results were found at 6 h (Supplemental Fig. S1B-D) .
P2X7Rs control sepsis-induced organ injury and inflammation
We next monitored organ inflammation and injury, which are direct causes of mortality in sepsis. Lung inflammatory cytokine levels were increased in P2X7-KO mice compared with those in WT mice ( Fig. 2A-D) . P2X7-KO mice also exhibited increased neutrophil influx, as detected by the MPO assay (32) (Fig. 2E) . Liver (Fig. 2F) and kidney (Fig. 2G) injury increased, as indicated by the respective increases in plasma ALT and BUN (33) . Apoptosis in the spleen was higher in the P2X7-KO mice than in their WT counterparts, as detected by measuring PARP cleavage (Fig. 2H) . Flow cytometric analysis of splenocytes 16 h after CLP revealed a decrease in the number of CD4 + , CD8
+ , and CD19 + cells in spleens of P2X7-KO mice when compared with those of WT mice (Fig. 2I-K) indicating that P2X7R signaling decreased CLP-induced lymphocyte apoptosis. Because there was no difference in inflammation of the heart between P2X7-KO and WT mice (data not shown), these data indicate that P2X7R controls organ injury and inflammation in an organ-specific manner.
Pharmacological antagonism and agonism confirm the anti-inflammatory and antibacterial effects of P2X7Rs after CLP To corroborate our findings with genetic inactivation (KO) of P2X7Rs, we inactivated the receptors by using the antagonist oxi-ATP (40 mg/kg i.p.). IL-1b levels were comparable in oxi-ATP-and vehicle-treated mice (Fig. 3A) , but oxi-ATP-treated mice displayed increased inflammatory cytokine and chemokine levels and trended toward an increased bacterial burden when compared with that in vehicle-treated mice (Fig. 3B-F) . We then hypothesized that activating P2X7Rs with exogenous agonists would have an effect opposite to that of inactivating these receptors with KO or an antagonist (i.e., decreased inflammation). To examine this hypothesis, we injected mice with the P2X7 agonists Mg-ATP (a nonspecific P2X7 agonist) or Bz-ATP (a specific P2X7 agonist) before performing CLP. Neither Mg-ATP nor Bz-ATP affected CLP-induced IL-1b production (Fig. 3G) . Both Mg-ATP (100 mg/kg) and Bz-ATP (10 mg/kg) decreased inflammatory cytokine levels and CFUs (Fig. 3H-L) . The data from the pharmacological antagonism and agonism experiments confirm the anti-inflammatory and antibacterial effects of P2X7Rs in sepsis.
P2X7R signaling on macrophages suppresses sepsisinduced inflammation
P2X7Rs were initially thought to be restricted to hematopoietic cells; however, they have been found in a recent study on other cell types, including fibroblasts, endothelial cells, epithelial cells, glia, and neurons (15) . Thus, to study whether P2X7Rs on hematopoietic cells or other cell types are necessary for controlling inflammation, we generated P2X7R bone marrow chimeric mice by transferring P2X7-KO or WT bone marrow into irradiated WT mice (27) . P2X7-KO→P2X7 WT chimeras that have KO bone marrow and WT parenchyma exhibited higher cytokine and chemokine levels than did the P2X7 WT→P2X7 WT mice with WT parenchyma and WT bone marrow (Fig. 4A, C-E) . The only exception was IL-1b, with comparable levels in the Figure 1 . P2X7Rs decrease mortality, bacterial load, and inflammatory cytokines in sepsis. A) ATP accumulates in the plasma following 16 h of polymicrobial sepsis induced by CLP. *P , 0.05 (WT and P2X7-KO; n = 5 and 8, respectively). B) P2X7-KO mice showed shorter survival time than WT mice. WT and P2X7-KO males were subjected to CLP, and survival was monitored for 7 d. *P , 0.05 (WT and P2X7-KO; n = 10 and 11, respectively). C) Bacterial burden was determined by counting the number of CFUs on blood agar plates after serial dilution of blood and peritoneal lavage samples. Blood and lavage fluid were collected at 16 h after CLP. *P , 0.05 vs. WT (WT and P2X7-KO; n = 7 and 6, respectively, for blood; n = 7 and 5, respectively, for lavage). WT and P2X7-KO animals were subjected to CLP and (D) TNF-a, (E) IL-1b, (F) IL-12p40, (G) IL-6, (H) IL-10, (I) MCP-1, (J) MIP-1a, and (K) MIP-2 levels were measured with ELISAs of blood and lavage fluid collected at 16 h after CLP. *P , 0.05, **P , 0.01, and ***P , 0.001 vs. WT (WT and P2X7-KO; n = 12 and 8, respectively). Data are expressed as means 6 SEM.
P2X7-KO→P2X7 WT and P2X7 WT→P2X7 WT mice (Fig. 4B ). This observation demonstrates that P2X7R signaling on bone marrow-derived cells controls inflammation in sepsis.
Macrophages are cells of hematopoietic origin and have been widely implicated in sepsis. In addition, macrophages are the primary P2X7R-expressing cell type (12) . Thus, we hypothesized that P2X7R signaling on macrophages would be essential for controlling inflammation during sepsis. To address this hypothesis, we adoptively transferred peritoneal macrophages from donor WT and P2X7-KO mice to separate groups of recipient WT mice before subjecting the recipient mice to CLP. We observed that WT macrophage-recipient WT mice showed decreased levels of inflammatory cytokines when compared with WT mice receiving P2X7-KO macrophages (Fig. 4F-J) . The exception was IL-1b, whose levels were comparable in WT and P2X7-KO macrophage-recipient mice (Fig. 4G ). This finding corroborates the notion that the P2X7R on macrophages suppresses inflammation.
To further analyze the role of P2X7Rs within the hematopoietic cell compartment, we generated mice with the P2X7R gene deleted in myeloid cells (Supplemental ). Our results demonstrated that, after CLP, the P2X7 fl/fl -LysM-Cre mice had increased levels of cytokines and higher bacterial counts than those of the control P2X7 fl/fl mice ( Fig. 4K-P) . Taken together, our results with bone marrow and macrophage transfer and cell-specific KO show that P2X7R signaling on macrophages suppresses inflammation. 
respectively). E)
MPO levels in the lungs of WT and P2X7-KO animals 6 h after CLP. The level was determined in tissue lysates with a commercial kit (WT and P2X7-KO; n = 10 and 9, respectively). ALT (F) and BUN (G) levels in the plasma of P2X7-KO vs. WT mice 16 h after CLP (WT and P2X7-KO; n = 8 and 9, respectively, for ALT; n = 8 and 8, respectively, for BUN). H) The proteolytic cleavage of PARP in spleen was examined by Western blot analysis with a specific antibody. Percentage of CD4 + (I), CD8 + (J), and CD19 + (K) cells in the spleen of WT and P2X7-KO animals 16 h after CLP was determined by flow cytometry (WT and P2X7-KO; n = 8 and 9, respectively). *P , 0.05 and **P , 0.01 vs. WT. Data are expressed as means 6 SEM.
The protective effect of P2X7Rs is independent of the NLRP3 inflammasome
Since P2X7Rs on macrophages are well-known activators of the NLRP3 inflammasome and are involved in caspase-1-mediated IL-1b release, we tested the role of the NLRP3 inflammasome. First, we compared IL-1b levels in WT and P2X7-KO mice after sepsis. Our results showed that IL-1b levels were increased in KO animals compared with WT animals in the peritoneum and that the IL-1b levels in blood were not significantly different (Supplemental Fig. S1A ), indicating that P2X7Rs are not responsible for mediating IL-1b release in sepsis. To further study the role of the inflammasome, we subjected WT and caspase-1
2/2
(caspase-1-KO) mice to CLP. We found that, although IL1b in the lavage was lower in caspase-1 KO mice, IL-6, IL-10, and MCP-1 levels were comparable between caspase-1-KO and WT mice (Supplemental Fig. S1B-H) . Thus, although caspase-1 drives IL-1b in the peritoneum, it does not affect the production of other inflammatory cytokines. Using a caspase-1-specific inhibitor (YVAD-CMK; 10 mg/kg), we found that caspase-1 inhibition had no effect on the production of peritoneal inflammatory cytokines (Supplemental Fig. S1I-L) . Moreover, inhibition of the endogenous inflammasome activator uric acid by uricase (100 U/mouse) or exogenous uric acid crystals (1 mg/mouse) failed to alter inflammation in sepsis (Supplemental Fig. S1M-P) .
P2X7Rs on myeloid cells augments killing of intracellular bacteria in sepsis
We then studied the mechanisms by which P2X7Rs decrease inflammation in sepsis. First we tested the possibility that P2X7R activation decreases macrophage activation directly. We pretreated LPS-stimulated peritoneal macrophages with Bz-ATP and measured cytokine production and found that it failed to affect their expression (Fig. 5A) . In addition, cytokine production by naïve or E. coli-stimulated peritoneal cells obtained from septic P2X7-KO and WT mice was comparable (Supplemental Fig. S3A-D) . We next hypothesized that P2X7Rs decrease inflammation by reducing inflammatory cell recruitment to the inflammatory focus, in this case, the peritoneum. We found that P2X7-KO mice had increased macrophage but not neutrophil counts in the peritoneal cavity (Fig. 5B, C) , whereas no differences were detected in the number of cells in blood (data not shown). This result Figure 3 . Pharmacological manipulation of P2X7Rs shows that they are anti-inflammatory in sepsis. The P2X7 antagonist oxi-ATP was administered 30 min before CLP, and IL-1b (A), IL-6 (B), IL-10 (C), MCP-1 (D), MIP-2 (E), and CFUs (F) were measured 16 h after CLP (vehicle and oxi-ATP treatment; n = 7 and 7, respectively). The P2X7 agonist Mg-ATP or Bz-ATP was injected 30 min before CLP, and IL-1b (G), IL-6 (H), IL-10 (I), MCP-1 (J), MIP-2 (K) (vehicle, Mg-ATP, and Bz-ATP; n = 8, 9, and 10, respectively), and CFUs (L) (vehicle, Mg-ATP, and Bz-ATP; n = 11, 12, and 11, respectively) were evaluated 16 h after CLP. *P , 0.05, **P , 0.01, and ***P , 0.001 vs. vehicle. Data are expressed as means 6 SEM.
indicates that P2X7Rs decrease macrophage infiltration into the peritoneum. We next investigated whether P2X7Rs cause decreased macrophage recruitment to the peritoneum by decreasing chemotaxis. Using both an in vivo and in vitro chemotaxis assay, we found that P2X7Rs failed to affect macrophage chemotaxis (Fig. 5D, E) . Because we found that P2X7Rs controlled bacteria in the peritoneum, we posited that P2X7Rs decrease macrophage recruitment by decreasing bacterial growth. One possibility is that this decrease occurs through increased phagocytosis by macrophages or neutrophils, the 2 major phagocytic cell types in sepsis. We found that whereas macrophages from septic WT and P2X7-KO mice phagocytosed bacteria equally efficiently, P2X7-KO neutrophils were actually more phagocytic than WT neutrophils (Fig. 5F, G) . Thus, it is unlikely that P2X7Rs control bacterial counts by interfering with phagocytosis, which led us to hypothesize that P2X7Rs decrease bacteria by increasing their killing by macrophages. To test this hypothesis, we obtained peritoneal cells from WT and P2X7-KO animals after sepsis and enumerated live bacteria in the recovered cells. We found increased counts of live bacteria in P2X7-KO vs. WT cells (Fig. 5H) . Moreover, our data demonstrate that P2X7 fl/fl -LysM-Cre mice had higher intracellular bacterial counts than did control P2X7 fl/fl mice after CLP (Fig. 5I) . Altogether, our results indicate that P2X7R signaling on myeloid cells augments intracellular killing of bacteria in sepsis. Cx channel inhibition increases bacterial burden and the levels of inflammatory cytokines and chemokines in CLP-induced sepsis
Because Cx and Panx channels have been shown to be the main conduits for extracellular release of ATP during inflammation, we began to assess the role of these ATPrelease channels in regulating sepsis. We found that blocking Cx channels with the peptide mimetic blocker Gap27 reproduced the effect of P2X7 blockade, as it increased CFUs and IL-6 and -10 concentrations in sepsis (Fig. 6) . However, Panx blockade with probenecid (1 and 10 mg/kg) was without effect (data not shown). syndrome, which describes the underlying massive inflammatory reaction of the body that contributes to the development of organ failure and shock (34, 35) . A dysregulated immune response coexisting with increased inflammation also occurs in trauma or burn patients in whom symptoms of sepsis develop, but no infectious agent is detected (36) . In these patients, leukocytes display a prolonged decrease in the expression of genes involved in antigen presentation, antibacterial defense mechanisms, and a prolonged increase in the expression of inflammatory genes (37) . Knowing that P2X7Rs regulate the macrophage inflammatory response and control bacteria, we tested the hypothesis that ATP release and subsequent activation of P2X7Rs are important in curbing excessive inflammation and the growth of bacteria in sepsis. Data yielded by both loss-of-function and gain-of-function approaches showed that P2X7R activation is crucial for the control of mortality, systemic inflammation, and bacterial growth in sepsis. Moreover, our results with P2X7-KO bone marrow chimeric animals, adoptive transfer of macrophages, and myeloidspecific P2X7-KO mice indicate that P2X7R signaling on macrophages is necessary for the protective effect of P2X7Rs. ATP is degraded to AMP by ectonucleoside triphosphate diphosphohydrolase 1 (CD39) (38) . We recently demonstrated that CD39 decreases inflammation in sepsis (25, 39) . This is counterintuitive to our current results, which suggest that ATP itself and not its degradation is antiinflammatory. However, it should be noted that, in the current study, we looked only at the role of one ATP receptor, the P2X7R. It is possible that other P2 receptors affect sepsis differently. Therefore, more studies are needed to delineate the exact role of ATP and P2 receptors in controlling inflammation in sepsis.
DISCUSSION
We found increased ATP levels in the plasma of septic mice, indicating increased extracellular ATP release. ATP release in response to immune activation occurs mostly through Cx and Panx channels, and immune cells are a rich source of extracellular ATP. Macrophages release ATP in response to Bacillus anthracis infection, which is blocked by both pharmacological Cx inhibition and siRNA-mediated Cx43 depletion (40). Eltzschig et al. (41) showed that neutrophils liberate ATP in response to N-formyl-Met-Leu-Phe (fMLP) or leukotriene B4 and that this ATP release is blocked by a peptide inhibitor of Cx43 or in Cx43-KO neutrophils. In another study, fMLP-induced ATP release by neutrophils was Panx1 dependent (42) . T cells release ATP during their activation via Panx1 channels (43) . Our data showing that Cx inhibition had an effect similar to that of P2X7R blockade indicate that Cx channels may be the primary conduits of ATP release. One caveat is that the inhibitors we used may not be absolutely specific for Cx or Panx channels. Further experiments are necessary to uncover the precise mechanisms, cell, and tissue origins of ATP release in sepsis.
P2X7Rs have been shown to mediate effective defense against several pathogens, both in vitro and in vivo, through different mechanisms (18) (19) (20) . P2X7Rs have been documented to be important for macrophage phagocytosis of pathogens (44) . However, it is unlikely that such a mechanism accounts for protection in sepsis, as our ex vivo results failed to demonstrate a stimulatory effect of P2X7Rs on macrophage or neutrophil phagocytosis. It has been shown that P2X7Rs regulate bacterial dissemination and inflammation by stimulating the emigration of macrophages and neutrophils to the site of inflammation (20) . In our study, this emigration effect was not the case, as we did not find differences in the migration of WT and P2X7R-deficient macrophages or neutrophil infiltration of organs.
It has been shown in in vitro studies that P2X7Rs can augment the killing of obligate intracellular pathogens, such as Mycobacterium tuberculosis (19) , Toxoplasma gondii (45), and Leishmania amazonensis (46) by macrophages (18) . However, the role of P2X7Rs in the killing of bacteria that cause polymicrobial sepsis has been unknown. Our results now show that P2X7R can also augment the killing of bacteria that cause polymicrobial gut-origin sepsis and that are nonobligate intracellular pathogens. P2X7Rs can augment killing of bacteria through caspase-1-mediated macrophage inflammasome activation, pyroptosis, and subsequent neutrophil-mediated toxicity (21, 22) . However, caspase-1 KO does not phenocopy P2X7-KO, and other inflammasome pathway modulators fail to alter septic inflammation, all of which suggests that P2X7 control of bacteria is independent of caspase-1, the inflammasome, or pyroptosis. The suppressive effect of P2X7Rs on the systemic inflammatory response may also be through P2X7R signaling on macrophages, but independent of bacteria. However, our in vitro data argue against a direct macrophage-mediated effect, as P2X7R ligation failed to suppress macrophage cytokine production. Again, more studies are necessary to delineate the mechanisms by which P2X7Rs control bacteria and inflammation in the complex setting of sepsis.
While this paper was in preparation, another research group reported that P2X7Rs contribute to the development of the exacerbated inflammatory response in polymicrobial sepsis (47) . The opposing results of our study and theirs may be caused by differences in experimental conditions. In summary, a critical barrier to progress in the field of sepsis research is our incomplete understanding of endogenous immune regulatory mechanisms that have evolved to protect the host from attacks by pathogens. Our data indicate that ATP release and P2X7R activation are critical in limiting the dissemination of bacteria by enhanced killing of these pathogens and in preventing deadly inflammation during abdominal sepsis. Our results thus indicate that targeting P2X7Rs provides a new opportunity for harnessing an endogenous protective immune mechanism in the treatment of sepsis.
